Body size is a quantitative trait that is closely associated to fitness and under the 13 control of both genetic and environmental factors. While developmental plasticity for 14 this and other traits is heritable and under selection, little is known about the genetic 15 basis for variation in plasticity that can provide the raw material for its evolution. We 16 quantified genetic variation for body size plasticity in Drosophila melanogaster by 17 measuring thorax and abdomen length of females reared at two temperatures from a 18 panel representing naturally segregating alleles, the Drosophila Genetic Reference 19 Panel (DGRP). We found variation between genotypes for the levels and direction of 20 thermal plasticity in size of both body parts. We then used a Genome-Wide Association 21 Study (GWAS) approach to unravel the genetic basis of inter-genotype variation in 22 body size plasticity, and used different approaches to validate selected QTLs and to 23 explore potential pleiotropic effects. We found mostly "private QTLs", with little overlap 24 between the candidate loci underlying variation in plasticity for thorax versus abdomen 25 size, for different properties of the plastic response, and for size versus size plasticity.
INTRODUCTION

47
Body size has a great impact on the performance of individuals (1, 2), as well as that of 48 species (3). Diversity in this trait is shaped by the reciprocal interactions between the 49 developmental processes that regulate growth, and the evolutionary forces that 7 S3). The candidate QTLs significantly associated with variation in plasticity were 170 typically only so in relation to a single property of the reaction norm (raw or absolute 171 slope) or body part (thorax or abdomen; Fig. 3C , Table S2 ). We also found that these 172 allelic variants fell within different genomic regions (e.g. UTR, intronic, coding) within or 173 nearby 192 different putative genes (Tables 2 and S2 ). Gene ontology enrichment 174 analysis of the candidate QTLs showed an over-representation of vesicle-mediated 175 processes (e.g. phagocytosis and endocytosis; Fig. S6A ), while network enrichment 176 analyses (protein-protein interaction network followed by a KEGG pathways 177 enrichment analysis) revealed an over-representation for SNARE interactions and 178 Notch pathways (Fig. S6B) , both of which have been implicated in diverse biological 179 functions (57) (58) (59) (60) . We also found that in the vast majority of cases, alleles associated 180 to increased environmental responsiveness were at lower frequencies in the DGRP 181 ( Fig. 3D and S5 ).
182
To explore to what extent loci that contribute to variation in size plasticity also 183 contribute to variation in body size within environments, we also performed GWAS 184 analyses using body size at 17°C and 28°C as quantitative traits ( Fig. 3B and S4, 185 Table S3 ). This analysis revealed QTLs that were mostly environment-and body part-186 specific (Fig. 3C , Table S3 ), including no overlap between our candidate QTLs 187 associated with variation in thorax and abdomen size and those reportedly associated 188 with head size at 25°C (51). Moreover, we found little overlap between candidate QTLs 189 contributing to variation in size plasticity and those contributing to within-environment 190 size variation (Fig. 3C ), but some overlap in terms of network enrichment (Fig. S6 ).
191
None of our size traits or plasticity therein was affected by chromosomal inversions (p-192 value > 0.01), or by the genetic relatedness among DGRP lines (low and non-193 significant coefficients of phylogenetic signal Blomberg's K and Pagel's λ; Fig. S2C ).
195
Validation of selected GWAS hits 196 We selected a number of significant QTLs for validation via different approaches ( Fig.   197 4, Table 1 , Dataset 2). To test selected candidate genes, we used available null 198 mutants and inducible gene knock-downs (with RNA interference using the Gal4/UAS 199 system). If the candidate gene affects plasticity, we expected to see a difference in 200 thermal reaction norms between control genotypes and those with abolished or 201 reduced candidate gene function. To test specific significant SNPs/Indels, we used a 202 SNP-based validation approach, hereafter called Mendelian Randomization (see same trait. If the candidate SNP affects plasticity, we expected a difference in slope of 206 the reaction norms between newly-established genotypes carrying the minor versus the 207 major allele at the target SNP.
208
Using these methods, we confirmed a role in thermal plasticity for six out of 209 seven candidate QTLs ( Fig. 4 and S7 , Table 2 ). For genes Hsp60 (Fig. 4A) , btv (Fig. 
210
4B), Men (Fig. 4E) , and Eip75B (Fig. 4F) , plasticity was different between genotypes 211 with impaired gene function (knock-out or knock-down) versus controls. For SNPs in 212 genes CG43902 (Fig. 4C) and ACC (Fig. 4D) , plasticity was different between new 213 genotypes with minor versus major allele. We did not validate the effect of candidate 214 gene CG43117 on abdomen size plasticity ( Fig. S7G , Table 2 , Dataset 2). For all the 215 confirmed candidates for plasticity, the genotypes with impaired gene function were 216 more plastic than their respective controls, and the DGRP genotypes harboring the 217 minor allele were more plastic than those harboring the major allele ( Fig. S7 ). We also 218 validated three out of four candidate QTLs for within-temperature variation in body size 219 (Fig. 4 and S7,  
223
To explore the pleiotropic effect of validated plasticity QTLs, we investigated 224 whether the plastic response was also seen in the body part for which the SNP/gene 225 had not been significantly associated to in the GWAS analysis ( Fig. S7 , Table 2 ). Out
226
of the six validated plasticity QTLs, we only found cross-body part effects for gene btv; 227 initially implicated in variation in plasticity of thorax size, this gene was also found to 228 influence variation in plasticity of abdomen size ( Fig. S7B , Table 1 ).
230
DISCUSSION
231
Body size and body size proportions are traits closely associated to fitness (1, 2, 5), 232 which vary greatly between species and populations, as well as between sexes and 233 between same-sex individuals (11, 39, 61) . Environmental conditions, such as 234 temperature or food availability, can work both as inter-generational selective agents
Components of variance in body size
242
Studying a panel of populations representing naturally-segregating alleles, the DGRP,
243
we quantified effects of G, E, and GxE interactions on the size of two body parts 244 (thorax and abdomen). As is well documented for various species of insects (32, 66, 245 67), most D. melanogaster genotypes we analyzed showed larger bodies when flies 246 were reared at our lower temperature. However, we also documented cases of 247 genotypes showing no plasticity (robustness) or showing size plasticity in the opposite 248 direction. We also found a positive correlation in the levels of plasticity for the two body 249 parts. The strong associations between the sizes of different body parts and plasticity 250 therein is likely to reflect the tight regulation of body proportions, which is key for 251 organismal performance (7, 68).
252
It is unclear to what extent a genotype's responsiveness to environmental 253 conditions (i.e. its plasticity) is associated with inter-individual differences found within a 254 given environment for that same genotype (quantified with the coefficient of variation).
255
While the latter is presumably un-accountable for by the effects of G, E, or GxE, it 256 could reflect small genetic differences between individuals (e.g. derived from somatic 257 mutation), micro-environmental variation (e.g. differences within a vial), or stochasticity 258 in phenotype expression (e.g. developmental noise). We found that genotypes that 259 were more plastic for thorax size (but not abdomen) also had higher levels of intra-260 genotype, intra-environment variation (i.e. higher coefficient of variation). Whether this 261 component of phenotypic variance is assignable to micro-environmental variation and 262 whether it has its own genetic basis has started to be investigated (53, 69, 70) and will, 263 undoubtedly, be a topic of targeted future research.
265
QTLs for size and size plasticity of different body parts 266 By using the raw and absolute values of the slopes of reaction norms as quantitative 267 traits, we identified loci associated with variation in size plasticity. Genetic variation for 268 environmental responsiveness could, in principle, involve different types of molecular 269 players and could affect multiple traits in a similar or different manner. We described 270 QTLs influencing size plasticity corresponding to different functions in terms of putative 271 SNP effects (e.g. missense, regulatory, or synonymous mutations; Tables 2 and S2), 272 and described molecular function and biological process for corresponding genes.
273
These genes could potentially be mediating environmental effects at different levels, 274 from the perception of the environmental cue (e.g. gene btv, which has been implicated the information on those tissues (e.g. genes Men, ACC, and Hsp60A, coding for two 278 metabolic enzymes and a chaperone (72), respectively).
279
Presumably, genes higher up in the process of responding to the environment 280 (e.g. those involved in the perception of external conditions versus those responding in 281 specific tissues) would be more likely to affect multiple plastic traits in a concerted 282 manner. With the exception of btv, none of our validated plasticity QTLs affected 283 plasticity for other than the body part they had been identified as QTL for. Even for the 284 complete set of candidate loci, we found very little overlap between QTLs for plasticity 285 of different body parts (thorax versus abdomen), as well as for different properties of 286 the reaction norms (raw versus absolute value of slopes). Furthermore, we also 287 documented mostly private QTLs influencing variation in size at any given environment 288 (i.e. body part and temperature-specific). Sex-, body part-, and environment-specific 289 QTL effects had been previously documented for various traits in different models (51, 
301
of thermal plasticity in cold tolerance in D. melanogaster (53). Our results revealed little 302 overlap between the QTLs that contribute to variation in trait within environments and 303 the QTLs that contribute to variation in trait plasticity, assessed from the slope of 304 reaction norms. We documented loci underlying variation in size plasticity (i.e.
305
properties of reaction norms) that are different from those underlying variation in size at 306 any temperature (i.e. at 17°C and at 28°C). These results shed light onto a long-307 standing discussion about the genetic underpinnings of plasticity, which argue that 308 either the genetic control of phenotypic plasticity happens via specific loci determining 309 plastic responses or via the same loci that control trait values at a given environment 310 (82) (83) (84) (85) . Our data show that the genetic basis for trait plasticity, to a large extent, 311 differs from the genetic basis for phenotypic variation in the trait itself.
Evolution of size and size plasticity 314
Plasticity can be adaptive in that it helps populations cope with environmental 315 heterogeneity, and it has even been argued that it can promote phenotypic and 316 taxonomic diversification (20) (21) (22) 27) . Theoretical models highlight the ecological 317 conditions that should influence the evolution of plasticity, such as the predictability of 318 environmental fluctuations (86) and costs of plasticity (87, 88) . Plasticity is generally 319 presumed to be costly and only selected for in predictably heterogeneous 320 environments, such as seasons (89). The absence of a correlation between our 321 thermal plasticity measurements and various fitness-related traits measured for the 322 same genotypes could not identify any such cost. These potential costs might involve 323 traits that have not been considered here, or these same traits but under 324 (environmental) conditions that were not those assayed.
325
The ability to respond or resist environmental perturbation, and the balance 326 between both processes, can be crucial for fitness in variable environments. In the 327 DGRP, even though some degree of environmental responsiveness is maintained, we 328 found that the alleles contributing to increased levels of plasticity occur nearly always at 329 lower frequencies (i.e. the genotypes with the minor allelic variant having steeper 330 reaction norms than those with the major allele). It is unclear to what extent this is the 331 result of natural selection by the thermal regime that the natural population from which 332 the DGRP was derived was exposed to, and/or the result of the process of deriving the Table S2 ). Gene Eip75B has also been previously 345 implicated in the response to artificial selection for body size (91) and in differentiation 346 between clinal populations (92, 93), which typically represent different thermal 12 Altogether, our results shed light onto the nature of inter-genotype variation in 349 plasticity, necessary for the evolution of plasticity under heterogeneous environments.
350
We showed that QTLs for size plasticity: 1) bear alleles for increased plasticity at low 351 frequencies, 2) correspond to polymorphisms in different genomic regions and within 352 genes of a multitude of functional classes, and 3) are mostly "private QTLs", with little 353 overlap between our various GWAS analysis. The latter underscores the potential for 354 independent evolution of trait and trait plasticity (different QTLs for size plasticity and 355 for within-environment size variation), plasticity of different body parts (different QTLs 356 for size plasticity of thorax and of abdomen), and even properties of the environmental 357 response (different QTLs for raw and absolute slopes of thermal reaction norms).
MATERIALS AND METHODS
359
Fly stocks and rearing conditions 360 Data for the GWAS was collected from adult female flies of the Drosophila Genetic
361
Reference Panel (DGRP) obtained from the Bloomington Stock Center. The DGRP is a 362 set of fully sequenced inbred lines collected from a single population in Raleigh, NC, 363 USA (46, 48) . The number and the details of the lines included in the GWAS for each 364 trait can be found in Table S1 . Mutant stocks for the functional validations were: 
382
For some specimens, we could only quantify size of one body part if, for example, the 
411
GWAS analyses for within-environment variation (at either 17°C or 28°C) were done by 412 testing the model lm (Size ~ Allele + (1|Wolb|DGRP)). All the GWAS were performed 413 by using SNPs where we had information for at least ten DGRP lines per allele. We did 414 not find an effect of Wolbachia in any of our GWAS analyses.
415
For each of the GWAS, we annotated the SNPs with a p-value < 10e-5 using 416 the FlyBase annotation (FlyBase release FB2017_05; (72)). For the same SNPs, we 417 performed first, a gene ontology enrichment analysis using the publicly available 418 GOrilla Software (94, 95) and second, a network enrichment analysis using gene-419 enrichment and pathway-enrichment analyses were done using the publicly available 420 NetworkAnalyst Software (96, 97); using all nodes from first order network generated 421 with IrefIndex Interactome settings.
422
We tested for the effect of the chromosomal inversions (In_3R_K, In_3R_P,
423
In_2L_t, In_2R_NS and In_3R_Mo) on our thorax and abdomen traits by using the 
441
Mutant and RNAi test that no or low levels of peptide affect variation in the quantitative 442 trait for which the gene was identified as a candidate QTL while MR tests for sufficiency 443 and independence from genetic background of the specific allele. Following these 444 criteria we tested a total of 11 candidate SNPs/genes.
445
Validations by null mutants were done by comparing the phenotype in the 446 heterozygous mutant stock with its respective genetic background. Validations by RNAi 447 were done by comparing, for each Gal4 driver line, the phenotype of the gene of 448 interest knockdown with the corresponding control cross using UAS-mCherryRNAi as 449 well as with the corresponding control genetic background for the UAS line. We always 450 used two different driver lines for our validations by RNAi: tub-Gal4 and bab-Gal4.
451
However, for all candidate genes selected for RNAi validation, except Nmdmc, the 452 crosses between RNAi line and tub-Gal4 were lethal.
453
The identity of the SNPs tested by MR is given by their annotation with Genome 454 Release v6. For each candidate SNP, we first selected 10 DGRP lines to make a 455 population with the minor allele fixed and 10 others to make a population with the major 456 allele fixed. The 10 DGRP lines used to create each population were checked for 457 having only one of the significant QTLs (p<10-5) fixed and not the others. These lines 458 were used to generate four populations, two fixed for the major allele and two for the 459 minor allele (Table S1 ). Each population was established by crossing 8 virgin females 460 from each of 5 of the same-allele lines to 8 males of the other 5 lines. Reciprocal 461 crosses were used to set two independent populations per allele. These populations 462 were allowed to cross for eight generations to randomize genetic backgrounds. We Gene CG43902 -forward primer: ACCACCAACATCAGCGTTTC; reverse primer:
466
TGGTTTCGGCGTAGTTGTTG.
467
Gene ACC -forward primer: TGGGAAAAACCGGCCTAAGA; reverse primer:
468
ATTTGTGGCTGTGGATTGCG.
469
Gene CG43117 -forward primer: TAAGCAAAATGTGGCGTGCA; reverse primer: 
476
We used a linear model to test for the effect of replicate (model lm (Size ~ 477 Body_part*Temperature*DGRP*Replicate)), that was found to be non-significant (p- 
482
Using the results from that model, we defined plastic genotypes as those DGRP lines 483 whose reaction norm slope was significantly different from zero (p-value < 0.05) and 484 we extracted two properties of the reaction norms per DGRP line and body part: the 485 absolute value of the slope as a measurement of thermal sensitivity, describing only 486 the magnitude of the response to temperature, and the raw value of the slope as a 487 measurement which describes also the direction of that response. Linear mixed models 488 were calculated using lme4 R package.
489
We used Pearson correlations (α = 0.99) to test for linear correlation in size 490 between body parts, controlling for DGRP lines. We also used Pearson correlations to 491 test for linear correlations among our measured traits and between those and other 492 available datasets for the DGRPs. For this, we used the mean value per DGRP line for 493 each trait and the corrplot R package. We report both correlation coefficient and 494 significance levels. Available DGRP phenotypes that were used to correlate with our 495 traits were: size measurements at 25°C (49), longevity (43) 
505
For the functional validations of within-environment SNPs and genes we tested 
805
and trait for which the QTL was a hit (T=thorax, A=abdomen), 6 results of the validation 813 ("YES/NO" for whether validation confirmed or not the role the target QTL on 814 phenotype; results in Fig. 4 and S7) with the approach used (MR=Mendelian 815 Randomization, KO=mutant, KD=RNAi) , 7 results of the test for pleiotropic effects 816 ("YES/NO" for whether we found cross body part effects; results in Fig S7) . Fig. 4. 
